The recently characterized corticosteroid receptor on amphibian neuronal membranes appears to mediate rapid, stress-induced changes in male reproductive behaviors. Because the transduction mechanisms associated with this receptor are unknown, we performed radioligand binding studies to determine whether this steroid receptor is negatively modulated by guanyl nucleotides. The binding of [3Hjcortico-sterone to neuronal membranes was inhibited by nonhydrolyzable guanyl nucleotides in both equilibrium saturation binding and titration studies. The addition of guanyl nucleotide plus
unlabeled corticosterone induced a rapid phase of [3H~corti-costerone dissociation from membranes that was not induced by addition of unlabeled ligand alone. Furthermore, the equilibrium binding of [3H] corticosterone and the sensitivity of the receptor to modulation by guanyl nucleotides were both enhanced by Mg2+ . These results are consistent with the formation of a ternary complex of steroid, receptor, and guanine nucleotide-binding protein that is subject to regulation by guanyl nucleotides. Therefore, rapid signal transduction through corticosteroid receptors on neuronal membranes appears to be mediated by guanine nucleotide-binding proteins.
Steroid hormones modulate behavior and neuroendocrine function through regulation of neuronal protein synthesis, an action mediated by intracellular steroid receptors (1, 2) . However, not all effects of steroid hormones on brain function involve these genomic mechanisms (3) . Evidence for nongenomically mediated actions of steroids includes changes in neuronal excitability or neurosecretion that occur within seconds of steroid administration, or that occur when de novo protein synthesis is inhibited or access to intracellular receptors is blocked, or that occur in brain regions lacking intracellular steroid receptors (4) (5) (6) (7) (8) . These actions of steroids that occur independently of classical intracellular receptors may have important roles in the regulation of behavior. For example, progesterone induces reproductive behavior in female rats, in part through modulation of hypothalamic oxytocin receptors; this rapid steroid effect is independent of de novo protein synthesis (9) .
The binding sites for steroids on the membranes of neurons (10, 11) as well as other cells (12) (13) (14) (15) (16) (17) might mediate some rapid cellular responses to steroids. However, little is known about the transduction mechanisms associated with these recognition sites. Only a few general types of transduction mechanisms account for the multitude of cellular responses initiated by cell-surface receptors: a receptor may be an integral part of a ligand-gated ion channel, a transmembraneregulated enzyme, or a transmembrane protein that couples to guanine nucleotide-binding regulatory proteins (G proteins) (18) . It is now well established that some steroids can directly modulate the functioning of a ligand-gated ion channel, the t-aminobutyric acid type A (GABAA) receptor (19, 20) . It appears that steroids may utilize alterative mechanisms as well. We recently characterized in neuronal membranes from an amphibian brain (21) a high-affinity corticosteroid receptor that appears to be physiologically relevant in mediating the stress-induced suppression of male reproductive behavior (22) (23) (24) . This receptor is not associated with the GABAA receptor chloride channel complex (21) . Therefore, we have conducted studies to determine whether the transduction mechanism used by this steroid receptor involves G proteins.
Members of the superfamily of G protein-coupled transmembrane receptors exhibit common structural and regulatory motifs (25) . One characteristic of these G proteincoupled receptors is that binding of hormone or neurotransmitter to the receptor is subject to heterotropic negative modulation by guanine nucleotides (26, 27) . Therefore, to address this question with respect to the membrane-bound corticosteroid receptor, we performed a series of radioligand series of radioligand binding studies to determine whether [3H]corticosterone (CORT) binding is sensitive to regulation by guanyl nucleotides. The data support the conclusion that signal transduction through this corticosteroid receptor in neuronal membranes is mediated by G proteins.
METHODS
Animals. Adult male rough-skinned newts (Taricha granulosa) were collected locally (Benton Co., OR). Animals (mean weight, 20 g) were maintained in the laboratory in large tanks under a lighting and temperature regimen that approximated natural conditions. Animals were maintained and sacrificed in accordance with federal 5 .0 nM were used. The assays were incubated for 2 hr 30°C (21) unless specified otherwise, and the reactions wc terminated by rapid filtration and a 9-ml rinse with cold buf [25 mM Tris base (pH 7.45)] over Whatman GF-C filte using a Brandel harvester (M-24R). Radioactivity bound the filters was quantified by standard liquid scintillati spectroscopy. Nonspecific binding was defined as that (Fig. 6 ).
± 0.02 nM and Bma, = 140 ± 3 fmol per mg of protein; the increase in Kd was not significant (T = 3.13; P = 0.089).
In titration experiments (Fig. 3) GMP >> ATP. The potency of GTP (data not shown) was variable between experiments but was generally similar to GDP. The limited potency of the endogenous nucleotide is presumably due to the high level of GTPase activity in neuronal membranes (26, 28, 29) .
As shown in Fig. 4 Fig. 3 (o) tion of the G protein into a and f8y subunits, which may activate effector molecules, and dissociation of the receptor from the G-protein-receptor complex. When dissociated from G proteins, the free receptor displays a low affinity for agonists (26, 27) . Dissociation of the ligand from the receptor, and hydrolysis of bound GTP, allows for continued activation of the cycle in response to hormone or transmitter.
The results from each of the experiments presented here are consistent with the formation of a receptor-G-protein complex that is subject to allosteric regulation by guanyl nucleotides. The binding of [3H]CORT to Taricha brain membranes was inhibited in a concentration-dependent manner by guanyl nucleotides. As in most G-protein-coupled receptor systems, the nonhydrolyzable nucleotides had greater efficacy in inhibiting ligand binding than the hydrolyzable compounds, and the adenosine nucleotide was without effect. Also, GTP[yS] induced a rapid phase of [3H]CORT dissociation from membrane receptors that was not induced by CORT alone, consistent with a nucleotide-induced shift in the affinity state of the CORT receptor. We also found that MgCl2 enhanced the specific binding of [3H]CORT, an effect not induced by CaCl2 or NaCl. In many receptor systems, Mg2+ facilitates formation of the high-affinity state of the receptor, presumably by binding to the G protein (26, 27) . Therefore, the increase in binding elicited by Mg2+ likely reflects a conversion from the low-to the high-affinity state of the receptor for CORT. The EC50 value (0.51 mM) for this Mg2' effect is similar to the Km of Mg2+ for hormone receptor-mediated activation of Gs (36) .
The inhibition of [3H]CORT binding by GTP[yS] in saturation isotherms was described by an apparent decrease in the number ofbinding sites, rather than a decrease in affinity. The increase in Kd (from 140 to 210 pM) was modest, similar, for example, to the affinity shift induced in GABAB receptors by GTP (37) (25) . The efficacies of guanyl nucleotides to regulate agonist binding to EDTA-washed membranes were enhanced by MgCl2 in both the CORT (Fig. 4) and P3-adrenergic (40) receptor systems. This phenomenon may be related to the ability of Mg2+ to promote formation of the ternary complex (agonist-receptor-G protein), which increases the guanyl nucleotide sensitivity of (30, 31) . It is noteworthy that a 10-to 50-fold higher concentration of dithiothreitol is routinely included in assays of intracellular adrenal steroid receptors, suggesting that the steroid recognition sites on the membrane-bound and intracellular receptors may differ significantly.
Little is known about the interaction of small, hydrophobic ligands, such as steroids, with membrane-bound receptors. It has been suggested that these compounds would be unlikely to bind to receptor proteins in the lipid milieu of plasma membranes. However, agonist binding has been characterized (41) , an effector mechanism has been determined (42) , and a receptor has been cloned and expressed (43) (21, 41) . Ligand binding to both the CORT and cannabinoid receptors was enhanced by MgCl2, while guanyl nucleotides inhibited binding and induced a rapid dissociation of ligand from the receptors. The maximal inhibition of cannabinoid binding by guanyl nucleotides was also reported to be <100% (41) , but the deduced molecular structure of the receptor indicates clearly that it belongs to the family of membrane-spanning receptors that couple to G proteins (43) . The sensitivity of agonist binding to inhibition by nucleotides in different receptor systems may depend on the tightness of coupling between the receptor and G protein, the membrane preparation, cation and ligand concentration, and the relative abilities of various agonists to discriminate different affinity states of the receptor.
There is precedent for the hypothesis that a membranebound steroid receptor may be coupled to G proteins. Progesterone induces maturation of Xenopus oocytes through mechanisms that are independent of classical intracellular receptors (44) , and progesterone binding sites on oocyte membranes have been described (15, 45) . While progesterone inhibits cholera toxin-stimulated adenylate cyclase activity in oocyte membranes (46, 47) , the inhibition of adenylate cyclase activity is not mediated by the pertussis toxin-sensitive G, (48) . Therefore, the mechanism of progesterone action in oocyte membranes cannot easily be explained by the conventional model of receptor-G-protein interaction (49) . However, the demonstration that the CORT receptor in Taricha neuronal membranes is sensitive to negative modulation by guanyl nucleotides is consistent with the coupling of a steroid receptor to heterotrimeric G proteins in the brain.
The latency of electrophysiological responses to CORT is consistent with the time course of a receptor-G-proteineffector mechanism of action. The excitability of Taricha hindbrain neurons is altered within 2 min of topical CORT application, and the response to CORT is reversed within 2-5 min after removal of CORT (James D. Rose, F.L.M., and M.O., unpublished data). Some neurons in the rat brain respond to corticosteroid administration with the same latency (7), which also would be consistent with a steroid receptor-G-protein interaction. It is reasonable to speculate that a membrane receptor for estradiol also couples to G proteins, inasmuch as estradiol depolarizes some neurons in the rat hypothalamus within 3-5 min of application, through a decrease in K+ conductance that is apparently mediated by cAMP (5, 50) . Therefore, in the mammalian brain as well, it is likely that some steroid hormones may effect rapid alterations in brain function through the use of receptor and transduction mechanisms similar to those described in Taricha brains.
